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Edited by Miguel De la RosaAbstract Prolidases are dipeptidases speciﬁc for cleavage of
Xaa-Pro dipeptides. Pyrococcus furiosus prolidase is a homodi-
mer having one Co-bound dinuclear metal cluster per monomer
with one tightly bound Co(II) site and the other loosely bound
(Kd 0.24 mM). To identify which Co site is tight-binding and
which is loose-binding, site-directed mutagenesis was used to
modify amino acid residues that participate in binding the Co1
(E-313 and H-284), the Co2 site (D-209) or the bidentate ligand
(E-327). Metal-content, enzyme activity and CD-spectra analy-
ses of D209A-, H284L-, and E327L-prolidase mutants show that
Co1 is the tight-binding and Co2 the loose-binding metal center.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Prolidase is a proline hydrolase that speciﬁcally cleaves
dipeptides with proline at the C-terminus (NH2–X–/–Pro–
COOH) [1]. It is widespread in nature and has been isolated
from a variety of mammalian tissues [2–5], bacterial and archa-
eal sources [6–10]. Prolidases in bacteria and archaea are
thought to participate, in concert with other endo- and exo-
peptidases, in the degradation of intracellular proteins and in
proline recycling based on their enzymatic function. In
humans, prolidase is involved in the ﬁnal stage of the degrada-
tion of endogenous and dietary protein, and is particularly
important in collagen catabolism. Mutations in the gene
encoding for human prolidase cause prolidase deﬁciency, an
autosomal recessive disorder characterized by skin lesions,
mental retardation and recurrent infections [11–14].
To date, the majority of prolidases that have been studied
exhibit metal-dependent activity, requiring divalent cations
such as Zn2+, Mn2+, or Co2+ for maximal activity [15,16]. Puri-
ﬁed prolidases have been shown to exist either as monomers orAbbreviations: APP, aminopeptidase P; CD, circular dichroism; IPTG,
isopropyl-b-D-thiogalactopyranoside; MetAP, methionine aminopep-
tidase; MOPS, (3-[N-morpholino]propanesulfonic acid); OPAA, orga-
nophosphorus acid anhydrolases
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doi:10.1016/j.febslet.2005.09.086dimers depending on the source [1,17]. Although all character-
ized prolidases preferentially hydrolyze Xaa-Pro dipeptides,
some prolidases can cleave dipeptides with proline as the N-
terminal residue or can hydrolyze dipeptides that do not con-
tain a prolyl residue [3,6,7,10]. These diﬀerences in substrate
speciﬁcities among the characterized prolidases are likely a
function of diﬀerences in the numbers of subunits present in
the active enzyme as well as the nature of the metal ion occu-
pying the active site.
In addition to its function as a peptidase, prolidase has sev-
eral biotechnological applications. The enzyme is used in the
dairy industry as a cheese-ripening agent, since the release of
proline from peptides in cheese reduces bitterness [18]. It has
also been found that an organophosphorus acid anhydrolase
(OPAA) from Alteromonas sp., which was later determined
to be a prolidase, can hydrolyze organophosphorus (OP)
inhibitors present in certain pesticides and chemical warfare
agents [19–21]. It is thought that this ability of prolidase
may arise from the fortuitous similarity of these compounds
in shape, size and surface charge to the true prolidase X-Pro
dipeptide substrate.
Among all prolidases that have been characterized so far, the
ones that have been isolated from mesophilic sources are only
maximally active at temperatures up to 55 C. However, the
prolidase that was isolated from a hyperthermophilic archaeon
Pyrococcus furiosus has a maximum activity at 100 C. Both
native and recombinant (produced in Escherichia coli using a
T7 RNA polymerase-driven expression plasmid) forms of P.
furiosus prolidase have been puriﬁed and biochemically char-
acterized [9,22]. The native and recombinant form of P. furio-
sus prolidases exhibit essentially equivalent physical and
catalytic properties, and therefore, the recombinant version
of the protein was used for the study presented here.
P. furiosus prolidase has narrow substrate speciﬁcity, hydro-
lyzing only dipeptides with proline at the C-terminus and a
non-polar amino acid (Met, Leu, Val, Phe or Ala) in the N-ter-
minal position. Optimal activity was observed at pH 7.0 and a
temperature of 100 C [9]. P. furiosus prolidase is active as a
homodimer (39.4 kDa per subunit) and contains one Co2+
per subunit as puriﬁed [9]. Its catalytic activity requires the
addition of Co2+ to the assay indicating that the enzyme has
a second Co2+ binding site (Kd 0.24 mM) [9]. The enzyme
activity could also be supported by the presence of Mn2+,
but not by the addition of other divalent ions (Mg2+, Ca2+,
Fe2+, Ni2+, Cu2+ or Zn2+) under aerobic assay conditions [9].
X-ray crystal structure analysis of P. furiosus prolidase has
identiﬁed ﬁve amino acids that function as the metal-bindingblished by Elsevier B.V. All rights reserved.
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solely bind to the ﬁrst Co center (Co1), aspartate-209 to the
second Co center (Co2), and aspartate-220 and glutamate-
327 ligand both cobalt atoms (shown in Fig. 1) [23,24]. These
ﬁve residues are also conserved in the dinuclear metal center of
a variety of methionine aminopeptidases (MetAP) (type 2 hu-
man MetAP, E. coli MetAP and P. furiosus MetAP) and ami-
nopeptidase P (APP) (E. coli proline aminopeptidase, bovine
lens leucine aminopeptidase, Streptomyces griseus aminopepti-
dase) [16]. Based on their structural homologies and similar
metal center properties, P. furiosus prolidase, MetAP and
APP have been classiﬁed into the same subclass of metallopep-
tidases [16].
Despite the numerous studies done to characterize prolidase
structures, there remain questions in regards to the exact nat-
ure of the metal centers in prolidases. For example, it is known
that the P. furiosus prolidase metal center binds two cobalt
atoms with diﬀerent binding aﬃnity [9], however no existing
structural data has shown which cobalt is tightly bound and
which cobalt is loosely bound. Furthermore, the recent ﬁnd-
ings that the highly related enzymes E. coli MetAP and P.
furiosus MetAP are likely Fe-containing mononuclear prote-
ases rather than dinuclear proteases as ﬁrst thought, provides
reason to evaluate this possibility for P. furiosus prolidase as
well [25,26].
To answer these questions, and to further characterize the
relative aﬃnities of the metal atoms in the dinuclear metal cen-
ters in P. furiosus prolidase, the speciﬁc amino acid residues
that were shown to participate in binding the metal centers
based on X-ray crystal structure analysis [23,24] have been tar-
geted for mutation. The puriﬁed P. furiosus prolidase mutants
(D209A-, H284A-, H284L- and E327L-prolidase) were evalu-
ated using metal content, circular dichorism (CD) spectra
and activity analyses in an eﬀort to establish the identity ofFig. 1. Dinuclear metal center active site of Pyrococcus furiosus
prolidase. The amino acids that were targeted for mutation are shown
(A) as is the solved structure of the P. furiosus prolidase active site (B).
Bound metal is indicated by the gray spheres. The hydrogen bond
between glutamate 313 and the bridging hydroxide ion is shown as a
dotted line.the tight-binding and loose-binding Co centers in P. furiosus
prolidase. This clear understanding of the nature of the metal
centers in P. furiosus prolidase will lead to a better apprecia-
tion of prolidase function and could possibly lead to the devel-
opment of prolidases optimized for OPAA nerve agent
detoxiﬁcation.2. Materials and methods
2.1. Site-directed mutagenesis of P. furiosus prolidase
The D209A-, E313L-, E327L-, H284A- and H284L-prolidase mu-
tants were produced using the Quikchange site-directed Mutagenesis
Kit (Stratagene) according to the suppliers recommendations. For
the PCR mutagenesis, the wild-type P. furiosus prolidase expression
vector (pET-prol) was used as the DNA template, as were the follow-
ing mutagenic primers: D209A-prolidase primer 1 (forward), GAT-
TTAGTTGTTATTGCACTTGGAGCACTC and primer 2 (reverse),
GAGTGCTCCAAGTGCAATAACAACTAAATC; E313L-prolidase
primer 1 (forward), ATAGGATCCGGTGAGGAGGTTGTATG
AAAGAAAGACTTGAA and primer 2 (reverse), ACCAAGCTTCG-
GAATGTATATGCCAGGAAGTATCGT; E327L-prolidase primer
1 (forward), ATTCCGAAGCTTGGTGGAGTTAGAATTCTTGA-
CACG and primer 2 (reverse), ATAGGGATCCGGTGAGGAG
GTTGTATGAAAGAAAGAC; H284A-prolidase primer 1 (forward),
CTTCATCCACAGTCTAGGCGCAGGTGTTGGACTTGAGAT
TC and primer 2 (reverse), GAATCTCAAGTCCAACACCTGCG
CCTAGACTGTGGATGAAG; and H284L-prolidase primer 1 (for-
ward), ATCCACAGTCTAGGCCTTGGTGTTGGACTTGAG and
primer 2 (reverse), CTCAAGTCCAACACCAAGGCCTAGACTGT
GGAT. The PCR was performed using a Bio-Rad thermocycler pro-
grammed for 16 cycles, with each cycle comprised a denaturation step
at 95 C for 30 s, annealing step at 55 C for 1 min and extension step
at 68 C for 6 min. All of the mutant prolidase constructs were se-
quenced over the entire length of the prolidase gene to conﬁrm the
presence of the target mutation and ensure that there were no other
mutations.
2.2. Overexpression of the D209A-, E313L-, E327L-, H284A-, and
H284L-prolidases
The mutant pET-prol plasmids that contained the D209A-, E327L-
and H284A-, H284L-prolidase genes, respectively, were transformed
into E. coli BL21(kDE3), which has isopropyl-b-D-thiogalactopyrano-
side (IPTG)-inducible expression of T7-RNA polymerase. The trans-
formants were grown as 1 l cultures in LB media incubated at 37 C
with shaking (200 RPM) until an optical density of 0.6–0.8 was
reached. The expression of mutant prolidases was initiated when IPTG
was added to the cell culture to a ﬁnal concentration of 1 mM. The in-
duced culture was incubated at 37 C for 3 h prior to the harvesting of
the cells.
2.3. Puriﬁcation of D209A-, H284A-, H284L-, and E327L-prolidase
Cell pellets containing D209A-, H284A-, H284L, and E327L-proli-
dase, respectively, were suspended in 50 mM Tris–HCl, pH 8.0 con-
taining 1 mM benzamidine and 1 mM DTT (each 1 g {wet weight}
of cell paste was suspended in 3 ml Tris–HCl buﬀer). The cell suspen-
sion was passed through a French pressure cell (20000 lb/in2) twice.
The lysed cell suspension was centrifuged at 20000 RPM for 30 min
to remove any cell debris and the supernatant was heat-treated at
80 C for 30 min anaerobically. The denatured protein was removed
by centrifugation at 20000 RPM for 30 min. The heat-treated extract
of D209A-prolidase was applied to a DEAE column and the resulting
D209A-prolidase fractions were subsequently applied to a Q column.
Fractions containing D209A-prolidase were then applied to a gel-ﬁl-
tration column. H284A-, H284L, and E327L-prolidases were also puri-
ﬁed using the same steps as D209A-prolidase was except the DEAE
column was replaced by a phenyl-sepharose column. [NH4]2SO4 was
slowly added to the heat-treated extract with stirring to a ﬁnal concen-
tration of 1.5 M before the protein was loaded onto the phenyl-sephar-
ose column. For the DEAE and Q column chromatography, the
binding buﬀer used was 50 mM Tris–HCl, pH 8.0 and proteins were
eluted with a linear gradient of elution buﬀer: 50 mM Tris–HCl, 1 M
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binding buﬀer was 50 mM Tris-HCl, 1.5 M (NH4)2SO4, pH 8.0 and
the elution buﬀer was 50 mM Tris–HCl, pH 8.0. For the gel ﬁltration
column, the equilibration buﬀer was 50 mM Tris–HCl, 400 mM NaCl,
pH 8.0.
2.4. Enzyme assay
The enzyme activity assay used was based on a previously described
method with slight modiﬁcation indicated below [9]. Brieﬂy, the assay
mixture (500 ll) contained 50 mMMOPS buﬀer (3-[N-morpholino]pro-
panesulfonic acid), pH 7.0, 4 mM Met-Pro (substrate), 5% (vol/vol)
glycerol, 100 lg/ml BSA protein, 200 mM NaCl and 1.2 mM CoCl2,
and was incubated at 100 C for 5 min. The reaction was initiated by
addition of the enzyme. The mixture was incubated at 100 C for
10 min, and the reaction was stopped by the addition of glacial acetic
acid (500 ll) followed by the ninhydrin reagent (500 ll). Color develop-
ment was achieved by heating the reaction mixture at 100 C for 10 min.
The solution was cooled to 23 C and the absorbance was determined at
515 nm. Speciﬁc activities were calculated using the extinction coeﬃ-
cient of 4570 M1 cm1 for the ninhydrin-proline complex. For the as-
says performed to evaluate the activity of the wild-type and mutant
prolidases substituted with various metal ions (Co2+, Fe2+, Mn2+,
Ni2+, or Zn2+), the wild-type and mutant prolidase enzymes were ﬁrst
treated with 5 mMEDTA to removemetal bound in the prolidase active
sites using the method described below for the metal content analysis.
The metal centers were subsequently reconstituted with 3-foldmolar ex-
cess Co2+, Fe2+, Mn2+, Ni2+, or Zn2+ as indicated in the metal content
analysis method, except that the reconstitution was conducted anaero-
bically. The reconstituted prolidase proteins were then assayed under
either aerobic or anaerobic conditions.
2.5. Metal content analysis of the mutant P. furiosus prolidases
The prolidase samples that were to be analyzed for metal content
were initially treated to remove any metal ions that may have been
bound during the protein puriﬁcation process. For this treatment,
5 ml of 1 mg/ml pure prolidase solution was injected into a slideAlyzer
dialysis cassette (MWCO 10000, Pierce Biotechnology) and dialyzed
against 1 l 50 mM MOPS (pH 7.0) buﬀer containing 5 mM EDTA (re-
peated twice, 30 min each time). The dialyzed solution was then trans-
ferred to deionized 50 mM MOPS buﬀer (pH 7.0) and dialyzed twice
(repeated twice, 30 min each time). Complete removal of metal from
the prolidase enzymes were evaluated by enzyme assay. To reconstitute
the metal center of the enzyme, CoCl2 solution was added to give a ﬁ-
nal concentration of 75 lM (this corresponds to 3 molar equivalents of
Co/prolidase monomer). The samples were then heat treated at 80 C
for 15 min and were dialyzed against 1 l deionized 50 mM MOPS buf-
fer (pH 7.0) at 4 C overnight to remove any unbound metal. Metal
content of the treated protein samples was determined using an ICP
emission spectrometer at the North Carolina State University Analyt-
ical Service Laboratory.
2.6. Circular dichroism spectroscopy
In order to prevent metal ion contamination arising from the protein
puriﬁcation process, the pure prolidase solution used for CD analysis
was prepared using the same method indicated in Metal content anal-
ysis, with the exception that 10 mM MOPS, pH 7.0 was used in place
of 50 mM MOPS to remove all metal ions and recover the metal cen-
ter. The protein sample concentration was then adjusted to 10 lM and
was analyzed using a J-600 CD instrument (Jasco Ltd, Essex, UK) set
for spectral analysis from 200 to 320 nm. Sealed cuvettes with a 0.1 cm
path length were used in the far-UV region, and sealed cuvettes with a
1.0 cm path length were used in the near-UV region. Photomultiplier
high voltage did not exceeded 500 V in the spectral regions measured.
Each spectrum was averaged 8 times and all measurements were per-
formed under nitrogen ﬂow.Fig. 2. SDS–PAGE of puriﬁed wild-type and mutant P. furiosus
prolidases (12% polyacrylamide). Lane 1 contains the molecular weight
marker. 5 lg of puriﬁed protein was applied to each lane.3. Results and discussion
3.1. Puriﬁcation of wild-type and mutated prolidases
The D209A-, H284A-, H284L-, E313L-, and E327L-proli-
dase mutants were designed to systematically perturb the co-balt centers (as shown in Fig. 1) in order to determine the
resulting eﬀect on metal content and enzymatic activity com-
pared to wild-type prolidase. Overexpression of the wild-type
and the ﬁve mutant P. furiosus prolidases was induced in the
T7-RNA polymerase producing E. coli strain BL21 (kDE3).
The successful induction of the wild-type and mutant P. furio-
sus prolidases was conﬁrmed by enzyme activities in cell ex-
tracts and in heat-treated crude cell extract (incubation at
80 C for 30 min), as well as by the appearance of a protein
band corresponding to the size of prolidase (42 kDa) on an
SDS–polyacrylamide gel (shown in Fig. 2). The wild-type,
D209A-, E327L-, H284A- and H284L- prolidases were each
successfully puriﬁed by a multi-column chromatography strat-
egy. However, we were unable to purify the E313L-prolidase.
The E313L-prolidase protein was highly mis-folded and re-
mained aggregated and recalcitrant to puriﬁcation techniques.
Since the E313L-, H284A- and H284L-prolidases were each
designed to aﬀect the Co1 binding site, we did not continue
further analyses with the E313L-prolidase.
As expected, mutations targeted to either the Co1 or Co2 me-
tal centers of P. furiosus prolidase signiﬁcantly reduced proli-
dase activity. As shown in Table 1, the D209A-prolidase,
which has a mutation aﬀecting the Co2 metal center, had
>1300-fold reduction in activity compared to wild-type proli-
dase. Single mutations aﬀecting the Co1 metal center (H284A-
or H284L-prolidase) had decreases of >2000- or 1900-fold,
respectively, compared to wild-type prolidase activity. Muta-
tion of the glutamate-327 residue (E327L-prolidase), which
serves as a bidentate ligand for both the Co1 and Co2 metal-
binding centers, resulted in no detectable activity. The activity
data for the mutant prolidases conﬁrm that occupation of both
Co1 and Co2 is essential for prolidase activity, and that occupa-
tion of only the Co1 center provides the next highest activity,
followed by occupation of only the Co2 binding site.
Table 1
Speciﬁc activity and cobalt content of puriﬁed wild-type and mutant
P. furiosus prolidases
Prolidase Speciﬁc activitya
(U/mg)
Cobalt content
(g-atom/subunit)
Wild type 1388 ± 220 0.76
D209A-prolidase (Co2)b 1.02 ± 0.21 0.70
H284A-prolidase (Co1) 0.67 ± 0.13 1.88
H284L-prolidase (Co1) 0.73 ± 0.18 0.28
E327L-prolidase (Co1/Co2) N.D.c 0.03
aThe speciﬁc activity is determined for puriﬁed protein and is reported
as the average ± deviation of 9 values from 3 separate experiments.
bThe Co-binding center that is disrupted in the mutant is indicated in
parenthesis.
cN.D., not detected.
Fig. 3. CD spectra of wild-type and mutated prolidase in the far-UV
spectrum region (A) and in the near-UV spectrum region (B).
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In an eﬀort to deﬁnitively determine which of the Co-binding
centers is tight-binding and which is loose-binding, ICP emis-
sion spectrometry was used to evaluate the Co content of the
puriﬁed wild-type and mutant P. furiosus prolidases. From
the Co-content data presented in Table 1, it was seen that
D209A-prolidase (Co2 center mutant) contained 0.7 Co per
subunit, a value close to that of the wild type enzyme (0.76
Co/subunit), suggesting that D209A-prolidase retains the
tightly bound Co like the wild-type prolidase does. H284L-
prolidase (Co1 center mutant) contained 0.28 Co/mol, which
is 36% of the Co content of the wild-type prolidase, indicating
that the mutation targeted at the Co1 center disrupts binding
of the normally tightly bound Co. E327L-prolidase (Co1 and
Co2 bidentate ligand mutant) contained only 4% of cobalt
bound to the wild type (0.03 Co/ per subunit), conﬁrming that
disruption of both the Co1 and Co2 metal centers would pre-
vent speciﬁc binding of Co to the enzyme. The loss of Co
atoms found in the wild-type and mutated enzymes is consis-
tent with our expectations that Co2+ would be partially re-
moved during the puriﬁcation process, with the degree of
loss depending on the tightness of the Co2+ binding sites.
These metal content data, therefore, indicated that aspartate-
209 participates in liganding the loose-binding Co (Co2), while
the histidine-284 residue is involved in liganding the tight-bind-
ing Co (Co1).
The metal analysis data also indicated that the H284A-pro-
lidase contained 1.88 Co/subunit, which is inconsistent with
the determination that histidine-284 serves as a ligand for the
tight-binding Co center, Co1. It was thought; therefore, that
the anomalously high level of Co bound to the H284A-proli-
dase mutant was the result of non-speciﬁc binding of Co to
partially mis-folded protein. To determine whether this inter-
pretation was correct, the secondary and tertiary structures
of the wild-type and all of the mutant P. furiosus prolidases
were analyzed by CD in the far UV region (200–250 nm) and
near UV region (250–320 nm) (shown in Fig. 3).
In the far UV region, D209A-prolidase and H284L-proli-
dase showed a similar CD spectrum to wild-type prolidase,
indicating that they contain similar proportions of a-helix
and b-sheet in their secondary structures (Fig. 3A). In the near
UV region, the spectra of both D209A-prolidase and H284L-
prolidase were as great as that of wild-type prolidase, indicat-
ing an equivalent tertiary structure (Fig. 3B). A red shift of
absorption maximum and increased absorption in the
D209A- and H284L-prolidase spectra were also observed,suggesting that some aromatic groups that were normally
folded inside the protein structure were now surface accessible
because of the mutation. Unlike D209A-prolidase and H284L-
prolidase, the protein structure of E327L-prolidase displayed
structural changes at both the secondary and tertiary level with
a greater proportion of b-sheet in the secondary structure com-
pared to wild type and some unfolded structure at the tertiary
level. The loss of globular structure of E327L-prolidase was
anticipated since the change of glutamate to leucine at amino
acid position 327 aﬀects both the Co1 and Co2 binding sites,
and therefore, the whole metal-binding center is disturbed.
CD analysis of the H284A-prolidase mutant clearly indi-
cated that the protein was unfolded. Apparently replacement
of the amino acid histidine at position 284 with the small ami-
no acid alanine dramatically changed the proteins folding or-
der, while substitution of histidine with leucine at this position
did not. The highly unfolded nature of the H284A-prolidase is
undoubtedly responsible for the high levels of non-speciﬁcally
bound Co that was observed for the H284A-prolidase mutant.
Moreover, the CD spectra data indicate that the diﬀerence in
the speciﬁc activities and metal content of wild-type prolidase
and the D209A-, H284L- and E327L-prolidase mutants is not
due to mis-folded protein structure but rather to the changes of
ig. 5. Eﬀect of cobalt concentration on wild type, D209A-, E327L-,
nd H284L-prolidase activities. 100% speciﬁc activity of wild-type
rolidase is 1375 U/mg, 100% speciﬁc activity of D209A-prolidase is
.42 U/mg, and 100% speciﬁc activity of H284L-prolidase is 1.69
/mg.
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the H284A-prolidase mutant was shown to have anomalous
metal binding characteristics and secondary and tertiary struc-
ture compared to either the wild type or H284L-prolidase
proteins based on metal content and CD analysis, the H284A-
prolidase mutant was not subjected to further analysis.
3.3. Catalytic properties of wild-type and mutated prolidases
Since there is a signiﬁcant diﬀerence between the speciﬁc
activity of wild type and that of mutated prolidases, we used
the relative speciﬁc activity to investigate their response to
the changes in temperature and Co concentration. As shown
in Figs. 4 and 5, the relative catalytic activities of wild-type
and D209A-prolidase have virtually identical responses to
changes in temperature and Co2+ concentration, as both
showed a temperature optimum at 100 C and a similar activ-
ity/temperature proﬁle. For both the wild-type and D209A-
prolidase, maximal activities were observed when the Co con-
centration was 0.5 mM; loss of catalytic activities were ob-
served when the [Co2+] was greater than 0.5 mM, with the
decrease of enzyme activities by more than 80% at 10 mM
Co2+. In contrast, the H284L-prolidase mutant responded to
the temperature and [Co2+] changes in a diﬀerent way.
Although the activity of H284L enzyme also peaked at the
temperature of 100 C, it increased rapidly at temperatures
greater than 60 C. Its maximal activity was observed when
the Co concentration was 2 mM, which was 4 times higher
than the concentration supporting maximal activity for wild-
type and D209A-prolidase. In addition, the inhibition eﬀect
by Co2+ at high concentration is less pronounced for H284L-
prolidase, with only a 20% decrease in activity at 10 mM
Co2+. These data suggest that the tight-binding metal center
in the H284L-prolidase mutant has been disrupted, and there-
fore, requires a signiﬁcantly higher concentration of Co2+ to
yield maximal activity. No activity was detected for the
E327L-prolidase mutant in the temperature and Co concentra-Fig. 4. Eﬀects of temperature on wild type, D209A-, E327L- and
H284L-prolidase activities. 100% speciﬁc activity of wild-type proli-
dase is 980 U/mg, 100% speciﬁc activity of D209A-prolidase is
0.964 U/mg, and 100% speciﬁc activity of H284L-prolidase is 0.90
U/mg.F
a
p
1
Ution ranges used in these experiments, suggesting that its metal
centers were completely disrupted by the mutation.
Previous gene sequence comparisons, biochemical data, and
X-ray crystal structure analysis have shown that P. furiosus
prolidase contains a dinuclear cobalt metal center with diﬀer-
ent binding aﬃnities in the catalytic center [9,22,23]. Further-
more, it has been shown that Mn2+, but not Fe2+, Ni2+, or
Zn2+ could support activity in place of Co2+ [9]. However, re-
cently it has been proposed that E. coli and P. furiosus Me-
tAPs, which are classed in the same family with prolidases,
are actually Fe-containing monometallic hydrolases rather
than Co-containing dinuclear hydrolases as previously thought
[25–27]. This conclusion was based on EPR spectra analysis of
E. coli MetAP loaded with two equivalents of metal and an
EXAFS study of the Co2+- and Fe2+-substituted enzyme
[25], which showed that E. coli MetAP needs only one Fe2+
ion for catalysis.
In light of the recent ﬁndings concerning the nature of the
metal center in MetAP, it was desirable to evaluate the activity
of wild-type and mutant P. furiosus prolidases substituted with
Co2+, Fe2+, Mn2+, Ni2+, or Zn2+. For these studies, the metal-
substituted prolidases were prepared under anaerobic condi-
tions to ensure that the 2+ oxidation state was maintained
for the metal center-bound ions. Metal content analysis of
the EDTA-treated prolidase proteins veriﬁed that the treat-
ment completely removed both the Co1 and Co2 bound metal
ions prior to the metal reconstitution. Therefore, the reconsti-
tution process enables the replacement of both the Co1 and
Co2 sites in the case of wild-type prolidase, the Co1 site in
D209A-prolidase and the Co2 site in H284L-prolidase. Under
both aerobic (Fig. 6A) and anaerobic (Fig. 6B) conditions, the
wild-type and D209A-prolidases responded to the diﬀerent
metals in a similar way, with Co2+ providing the highest activ-
ities and Mn2+ providing the second highest activities under
aerobic conditions, and Fe2+ providing the highest activities
and Co2+ providing the second highest activities under anaer-
obic conditions. For the H284L-prolidase, Mn2+ supported
X. Du et al. / FEBS Letters 579 (2005) 6140–6146 6145maximal activity and Co2+ supported the second highest
activity under aerobic conditions, while Mn2+ provided it max-
imal activity and Fe2+ provided it the second highest activity
under anaerobic conditions. In contrast to the previously re-
ported data for P. furiosus prolidase, which showed no activity
for Fe-substituted prolidase when assayed under aerobic con-
ditions, here we show Fe2+ supports maximal activity for the
wild-type and the D209A-prolidase mutant under anaerobic
conditions assay conditions. However, the fact that the total
activity reported for the D209A-prolidase was 1.9 U/mg com-
pared to 1434 U/mg for the wild-type enzyme indicates that a
single Fe2+ ion bound to the intact tight-binding Co1 site is notFig. 6. Eﬀects of diﬀerent metals on wild type, D209A-, E327L- and
H284L-prolidase activities under aerobic assay conditions (A) and
anaerobic conditions (B). For the aerobic assays, 100% speciﬁc activity
of wild-type prolidase is 1387 U/mg, 100% speciﬁc activity of D209A-
prolidase is 1.998 U/mg, and 100% speciﬁc activity of H284L-prolidase
is 1.81 U/mg. For the anaerobic assays, 100% speciﬁc activity of wild-
type prolidase is 1434 U/mg, 100% speciﬁc activity of D209A-prolidase
is 1.937 U/mg, and 100% speciﬁc activity of H284L-prolidase is 1.31 U/
mg. Metal content analyses conﬁrmed removal of Co from both the
Co1 and Co2 sites of the metal-stripped prolidases prior to reconsti-
tution with the diﬀerent metals, and reconstitution of both the Co1 and
Co2 sites with the added metals could be conﬁrmed by ICP emission
spectroscopy for the wild-type prolidase.suﬃcient for full activity of the enzyme, suggesting that P.
furiosus prolidase does not function eﬃciently as a mononu-
clear Fe-containing metallohydrolase as has been reported
for E. coli and P. furiosus MetAPs [25–27].
The catalytic features of the cobalt center in P. furiosus
prolidase are almost identical with that of a number of MetAP
and APP [16], which are also binuclear metallohydrolases with
metal centers consisting of ﬁve conserved amino residues:
aspartate-97, aspartate-108, histidine-172, glutamate-204 and
glutamte-235 (E. coli MetAP numbering) [28]. Among these
metallohydrolases, type 2 human MetAP, HsMetAP2 (pdb
1bn5) [29], E. coli MetAP (pdb 1mat, 2mat) [30,31], and
P. furiosus MetAP (pdb 1xgs) [32] are similar to P. furiosus
prolidase and contain a cobalt-active binuclear metal site with
diﬀerent binding aﬃnities as their catalytic center. The Co1 site
was determined to be the high-aﬃnity binding site in E. coli
MetAP using NMR and EXAFS analysis [33]. The dissocia-
tion constants, Kd, of Co1 and Co2 were estimated to be
0.3 ± 0.2 and 2.5 ± 0.5 mM, respectively [33]. Similarly in P.
furiosus MetAP, the dissociation constants for Co1 and Co2
were estimated to be 0.05 ± 0.015 and 0.35 ± 0.02 mM, respec-
tively [34]. Thus, these published binding aﬃnities for the Co1
and Co2 binding sites from E. coli and P. furiosus MetAP are
consistent with our analyses for P. furiosus prolidase.
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